Background-Platelet activation is a hallmark of acute coronary syndromes. Numerous lines of evidence suggest a mechanistic link between von Willebrand factor or platelet hyperfunction and myocardial damage in patients with acute coronary syndromes. Thus, we assessed whether platelet function under high shear rates (collagen adenosine diphosphate closure times [CADP-CTs]) measured with the platelet function analyzer (PFA-100) may be enhanced in patients with myocardial infarction (MI) and whether it may predict the extent of myocardial damage as measured by creatine kinase (CK-MB) or troponin T (TnT) levels. Methods and Results-Patients with acute chest pain or symptoms suggestive of acute coronary syndromes (nϭ216) were prospectively examined at an emergency department. CADP-CT was significantly shorter in patients with MI, particularly in those with an ST-segment-elevation MI (STEMI) compared with the other patient groups (unstable angina, stable coronary artery disease, or controls). Furthermore, CADP-CT and collagen epinephrine-CT at presentation were independent predictors of myocardial damage as measured by CK-MB or TnT. Patients with MI whose CADP-CT values fell in the first quartile had 3-fold higher CK-MB and TnT levels than those in the fourth quartile. Conclusions-Patients with STEMI have significantly enhanced platelet function when measured under high shear rates.
P latelet activation is a hallmark of acute coronary syndromes (ACSs). [1] [2] [3] [4] Drug trials have demonstrated that various antiplatelet drugs, including aspirin, clopidogrel, 5 and glycoprotein (Gp) IIb/IIIa inhibitors, 6, 7 provide substantial therapeutic benefit in patients with ACSs. Thus, numerous lines of evidence suggest that platelets play a dominant pathogenic role in the development and outcome of ACSs.
High shear rates prevail in stenotic arteries: under these conditions, platelet adhesion to the subendothelial matrix of injured vessel walls requires adhesion of plasma von Willebrand factor (vWF) to collagen or platelet adhesion to subendothelially located vWF. 8 In addition, vWF enhances the adhesion of platelets to fibrin clots 9 and stabilizes coagulation factor VIII. Interestingly, vWF is also a wellcharacterized marker of cardiovascular risk 10 ; for example, plasma levels of vWF are increased in patients with coronary artery disease (CAD) and predicted subsequent ACSs in the large ECAT study, and vWF is an independent risk factor for recurrent myocardial infarction (MI) and death. [11] [12] [13] Given the unequivocal role of platelets in CAD and the predictive value of vWF for cardiovascular diseases, 2 hypotheses were formulated: (1) patients with MI may have enhanced platelet function under high shear rates and (2) platelet function under high shear may predict the extent of myocardial necrosis in patients with MI, as assessed by established markers of myocardial damage. Thus, the aim of this study was to investigate whether patients with MI have increased platelet function, as measured with the platelet function analyzer (PFA-100), and whether this could predict the degree of myocardial damage.
Methods

Study Design
The study protocol and informed consent form were approved by the Ethics Committee of the Medical University of Vienna and followed the Helsinki Declaration. All patients with chest pain were seen at the Emergency Department, University Hospital, a tertiary care facility. Consecutive patients with chest pain suggestive of myocardial ischemia were eligible for the study.
We enrolled 212 consecutive white patients with chest pain and symptoms suggestive of ACSs. Patients with ECG abnormalities on admission that were strongly suggestive of ST-elevation MI (STEMI) were immediately transferred to the coronary care unit of the emergency department and received standard therapy, including thrombolysis or percutaneous coronary intervention (PCI), at the discretion of the physician.
Patient management was as described previously in a different study, 14 and therapy followed current guidelines. 15 
Blood Collection and Laboratory Analysis
All samples for analysis of platelet function testing were collected, after the initial 20 mL of blood was used for clinical chemistry analysis, into evacuated tubes (Vacuette tubes; Greiner Bio-One) containing 129 mmol/L (3.8%) citrate or 106 mmol/L (3.2%) citrate (Vacutainer tubes, Becton Dickinson) before any therapeutic intervention. Serum chemistry was determined with reagents from Roche on a Hitachi 917 analyzer. Troponin t (Troponin T STAT test) was measured on a Roche Instruments Elecsys 2010, and C-reactive protein (normal range Ͻ0.5 mg/dL) was measured with Olympus System Reagents (OSR 6147).
vWF:RiCo Levels
Plasma levels of vWF ristocetin cofactor activity (vWR:RiCo) were assayed by turbidimetry with a commercial kit from Behring, which consists of lyophilized platelets and ristocetin. 18 
Platelet Function Analyzer-100
The platelet function analyzer (PFA-100), 19 -21 a US Food and Drug Administration-approved device (Dade Behring), was used for measuring platelet function because high shear rates prevail at sites of stenosis in the coronary circulation. The PFA-100 measures the time needed for a platelet plug to form after activation of platelets by pathophysiologically relevant stimuli (eg, collagen and adenosine diphosphate [CADP] or collagen and epinephrine [CEPI]), which is prognostic in peripheral arterial occlusive disease. 22 The CADP cartridge was used as the primary outcome variable. because unlike the CEPI closure time (CT), its value is typically not confounded by aspirin intake. 18, 21 Because different laboratories use different citrate concentrations for sample collection, 21 we determined CT values in blood anticoagulated with either 3.2% or 3.8% citrate. Because CADP-CT was shorter in blood anticoagulated with lepirudin compared with 3.8% citrated blood, 18 we expected shorter CT values at lower citrate concentrations. This was indeed the case (Table 3) , but CT values were well correlated between the 2 citrate concentrations (rϭ0.85 and rϭ0.86, PϽ0.0001). All measurements were done 0.5 to 4 hours after blood sampling. Coefficients of variation for duplicate analysis averaged 10%, and day-to-day variability in healthy subjects was 9% to 12% for both cartridges. 23 
TABLE 1. Demographics of Categorical Variables
Controls (nϭ25) CAD (nϭ20) UAP (nϭ31) Non-STEMI (nϭ42) STEMI (nϭ94)
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A sample size calculation, based on the interindividual variability of CADP-CT, 24 indicated that 32 subjects per group would allow detection of a 12% difference between groups (␣ϭ0.05, ␤ϭ0.2). However, we recruited MI patients in excess of that number to allow better comparison with previous studies on different markers. [25] [26] [27] For descriptive purposes, all data are presented as mean and 95% confidence intervals (CIs). Data were visually examined by histograms, and the normal distribution was tested with the KolmogorovSmirnov test. Nonparametric tests were used; the Kruskal-Wallis ANOVA, Mann-Whitney U test, Wilcoxon test, Spearman's correlation, and 2 test were used as appropriate. Multivariable regression analysis and all other statistics were calculated with Statistica 6.0 software (StatSoft Inc). The level of significance was set to a 2-sided probability value (PՅ0.05) and corrected for multiple comparisons according to the Bonferroni adjustment.
Results
Patient Characteristics
Demographic variables and selected laboratory values are presented in Tables 1 and 2 . All patients were treated with 250 mg aspirin iv after the first blood sample had been taken after admission. MI was found in 64% of patients. Patients with STEMI presented at a median of 2.5 hours after the onset of chest pain. All patients undergoing PCIs received a loading dose (300 mg) of clopidogrel. Additionally, eptifibatide, abciximab, and tirofiban were given to 27%, 16%, and 7% of patients with STEMI, respectively. Anticoagulation consisted of unfractionated heparin (peri-interventionally) and mainly enoxaparin and was given to all patients with STEMI.
Aspirin
As expected, chronic pretreatment with aspirin prolonged CEPI-CT to 236 seconds (CI, 212 to 259) compared with those patients who did not receive aspirin before admission (160 seconds; CI, 148 to 173, PϽ0.0001). This likely contributes at least in part to the differences in CEPI-CT between the different patient groups (Table 3 ). There was no significant difference in CADP-CT or vWF:RiCO levels between patients who were chronically pretreated with aspirin and those who were aspirin-naive (data not shown). This was also true for all subgroups of patients, although statistical power may be limited.
CADP-CT, CEPI-CT, and vWF:RiCO Levels in Patients and Controls
Patients with STEMI had shorter CADP-CTs than did all other patient groups, particularly with the 3.2% citrated blood (Table 3) . Among 29 aspirin-pretreated MI patients, 14 had CEPI-CTs of Ͻ193 seconds in 3.2% citrate. Those patients had CADP-CT values of 78 seconds (CI, 61 to 96). In aspirin-naive subjects only, STEMI patients had an Ϸ40% shorter CEPI-CT in 3.2% citrate than did controls or non-STEMI patients (PϽ0.05; data not shown). Furthermore, patients with STEMI or non-STEMI had higher vWF:RiCO 
Baseline CADP-CT and vWF:RiCO Values Correlate With Peak Plasma Levels of Cardiac Markers of Myocardial Necrosis
CADP-CT determined at the time of admission was correlated inversely with peak plasma levels of creatine kinase (CK), CK-MB, and TnT in patients with MI. The shorter the time needed for platelet plug formation under high shear, the greater the myocardial damage (PϽ0.001, Table 4 ). The correlation between CADP-CT and TnT or CK-MB was even stronger within the subgroup of patients with STEMI (rՆ0.50, PϽ0.0001 for both markers and again stronger in the subgroup of STEMI patients with PCI). Correlations between CEPI-CT and TnT (rϭϪ0.47) or CK-MB (rϭϪ0.37) were similar even in the subgroup that was not chronically pretreated with aspirin (PϽ0.001). Likewise, markers of myocardial damage tended to be correlated with vWF:RiCO (PՅ0.04, Table 4 ; again this correlation increased in patients with STEMI and PCI (rՆ0.49, PϽ0.001).
Because peak levels of CK-MB and TnT were observed at a median of 9 and 22 hours after admission, respectively, CADP-CT thus predicted the degree of myocardial damage already at the time of admission to the emergency department. For comparison, CK-MB values were Ϸ3-fold higher (293U/dL; CI, 177 to 399 versus 97 U/dL; CI, 19 to 176), and TnT levels were 3.3-fold higher (5.3 g/L; CI, 3.1 to 7.4 versus 1.6 g/L; CI, 0.9 to 2.3) in the first versus the fourth quartile of CADP-CT in patients with MI ( Figure 1 ).
CADP-CT and CEPI-CT Are Independent Predictors of the Degree of Myocardial Necrosis in Patients With MI
The following variables were not correlated with markers of myocardial damage: any drug intake, plasma levels of creatinine, uric acid, triglycerides, cholesterol, C-reactive protein, fibrinogen, hematocrit, platelet count, or body mass index. Furthermore, there was no influence of blood group, sex, or comorbidity, such as history of hypertension, diabetes, nicotine abuse, previous MI, or known CAD on peak values of markers of myocardial damage.
The only other predictor of CK-MB and TnT release was the leukocyte count at admission (rϭ0.35 to 0.42, PϽ0.001 for all MI and rϭ0.35 to 0.32 in STEMI, PՅ0.01), which was higher in STEMI than in non-STEMI patients (Table 2) . Leukocyte counts were also correlated with CADP-CT or CEPI-CT in MI patients (rϭϪ0.17 to rϭϪ0.29, Pϭ0.06 to Pϭ0.002 in 3.2% and 3.8% citrate). Nonetheless, the association between CADP-CT or CEPI-CT and biomarkers of myocardial damage remained significant even after adjusting for leukocyte counts, vWF:RiCO levels, and aspirin use in multiple regression analysis.
Discussion
This study provides 2 major novel findings. First, MI patients, particularly those with STEMI, have enhanced platelet function as measured under high shear rates. Second, CADP-CT and CEPI-CT were predictive of the severity of myocardial infarction as measured by plasma levels of CK-MB and TnT. Abbreviations are as defined in text.
Peak plasma levels of TnT (top) and CK-MB (bottom) are shown according to quartiles of CADP-CT, as measured by PFA-100 in patients with MI at time of admission. Data are mean and 95% CIs. Abbreviations are as defined in text.
Our data further confirm that patients with acute MI have increased vWF:RiCO levels 29 and demonstrate, probably for the first time, similar levels in non-STEMI and STEMI patients. Plasma levels of vWF:RiCO were correlated well with CADP-CT in the MI patients (rϭϪ0.65) of our study. Acute release of vWF markedly decreases CT values. 18, 28 Thus, the shortened CT values in MI patients could partly be due to increased vWF levels. However, STEMI patients had significantly shorter CT values than did non-STEMI patients, despite similar vWF:RiCO levels (Table 4 ). This indicates that STEMI patients could also have an intrinsic increase in platelet function.
Importantly, this enhanced platelet function was correlated with the degree of myocardial damage in MI patients, and this was observed well before peak levels of CK-MB and TnT were reached. It should be noted that CT values represent a measure of platelet function and, as such, are not specific markers for MI and thus will not directly impact the diagnosis of STEMI. Rather, the shortened CADP-CT fits well into the current concept of the pathogenic mechanisms of MI, 30 which is caused by acute vascular obstruction due to occlusive thrombi. However, the current study design did not permit conclusions on the cause-effect relation between CADP-CT and the degree of myocardial damage, and the CEPI-CT values may additionally be confounded by aspirin intake.
Still, the negative correlation between CADP-CT and peak TnT levels may be therapeutically useful and not simply because the PFA-100 is similar to a rapid point-of-care test. For example, early-phase therapeutic trials with novel drugs may target MI patients with short CADP-CTs because the signal will conceivably increase if surrogate biochemical markers, such as TnT, are used to judge clinical efficacy. Furthermore, our study provides a rationale to investigate antiplatelet drugs that specifically inhibit CADP-CT in patients with MI to enhance epicardial vessel patency and perhaps to increase microvascular perfusion. Currently, GpIIb/IIIa antagonists and a vWF antibody are known to acutely prolong CADP-CT. [31] [32] [33] So far, however, the clinical efficacy of GpIIb/IIIa inhibitors has been equivocal in terms of mortality in patients with STEMI, although early events may be reduced. 34 Nonetheless, a subgroup analysis of the ADMIRAL trial suggests that early administration of abciximab in the ambulance or emergency department may provide further benefit. 34 A vWF-antibody is of particular interest 32 because in targeting vWF, CADP-CT is prolonged. Thus it acts primarily under high shear rates, which could yield a favorable benefit-risk ratio (efficacy versus bleeding). In addition, ADP receptor inhibitors other than clopidogrel with a faster onset of action will likely come to clinical trials and may be suitable alternative drugs. Finally, patients with shortened CADP-CTs may profit from more "aggressive" therapy, which could help physicians tailor treatment to the individual needs of a patient and thereby optimize the benefit-risk ratio of an intervention.
The observed correlations between CT values and cardiac enzymes were reasonably good, and the degree of correlation in STEMI (rՆϪ0.50) was markedly better than that of myeloperoxidase (rϭ0.21) 25 or leukocyte counts with cardiac enzymes (rϭ0.13 to rϭ0.28). 26, 27 This degree of correlation between leukocyte counts and peak CK-MB 26 was similar to that in the current study, provides external support for the validity of the current findings, and indicates that the results obtained for the CADP-CT measurements are likely robust.
Although the concept of screening for thrombophilia in patients with venous thromboembolism is well established, platelet function tests have been mainly used to detect platelet dysfunction rather than increased platelet function. Our study provides a rationale to look for platelet hyperfunction in patients with MI.
Limitations
Although this is a relatively large study involving numbers of patients with MI similar to those of other recent marker studies, 25 ours is underpowered for subtle subgroup analysis, eg, women or diabetics. Furthermore, our control group was not a healthy control group but was recruited from patients attending the Emergency Department because of chest pain, who often had concomitant diseases. However, we did not intend to exclude such patients for whatever reason, because we assumed that our approach would bias against the current study and would provide a more conservative estimate of true differences. For reasons of feasibility, other platelet function tests were not assessed in these patients, which would allow direct comparison of sensitivity between methods or the determination of whether it is a high shear-and/or a PFA-100 -dependent phenomenon. This should be addressed in future studies.
In summary, STEMI patients have significantly enhanced platelet function as measured under high shear rates, and CT values at admission are an independent predictor of the extent of myocardial necrosis, as measured by CK-MB and TnT levels. Measurement of platelet function with the PFA-100 may help in the risk stratification of patients presenting with MI.
